The TAK kinases belong to the MAPKKK group and have been implicated in a variety of signaling events. Originally described as a TGFb activated kinase (TAK) it has, however, subsequently been demonstrated to signal through p38, Jun N-terminal kinase (JNK) and Nemo types of MAP kinases, and the NFkB inducing kinase. Despite these multiple proposed functions, the in vivo role of TAK family kinases remains unclear. Here we report the isolation and genetic characterization of the Drosophila TAK homologue (dTAK). By employing overexpression and double-stranded RNA interference (RNAi) techniques we have analyzed its function during embryogenesis and larval development. Overexpression of dTAK in the embryonic epidermis is suf®cient to induce the transcription of the JNK target genes decapentaplegic and puckered. Furthermore, overexpression of dominant negative (DN) or wild-type forms of dTAK in wing and eye imaginal discs, respectively, results in defects in thorax closure and ommatidial planar polarity, two well described phenotypes associated with JNK signaling activity. Surprisingly, RNAi and DN-dTAK expression studies in the embryo argue for a differential requirement of dTAK during developmental processes controlled by JNK signaling, and a redundant or minor role of dTAK in dorsal closure. In addition, dTAK-mediated activation of JNK in the Drosophila eye imaginal disc leads to an eye ablation phenotype due to ectopically induced apoptotic cell death. Genetic analyses in the eye indicate that dTAK can also act through the p38 and Nemo kinases in imaginal discs. Our results suggest that dTAK can act as a JNKKK upstream of JNK in multiple contexts and also other MAPKs in the eye. However, the loss-offunction RNAi studies indicate that it is not strictly required and thus either redundant or playing only a minor role in the context of embryonic dorsal closure. q
Introduction
The development of multi-cellular organisms relies on inductive signaling events controlling growth, patterning and cell fate speci®cation. The respective signaling pathways are conserved in evolution and often used in different contexts to induce cell-and tissue-speci®c responses (Hackel et al., 1999; Pawson and Scott, 1997) . Although a number of signaling molecules have been identi®ed through biochemical studies, a complete picture of their physiological links and interactions is still missing. The genetic analysis of signal transduction in model organisms like Drosophila or Caenorhabditis elegans has been instructive in understanding the in vivo requirements of signal transducers during complex developmental contexts (ArtavanisTsakonas et al., 1995; Greenwald and Rubin, 1992; Marshall, 1995; Sternberg et al., 1995; Zipursky and Rubin, 1994) .
MAP kinase cascades are comprised of stereotypic groups of no fewer than three protein kinases that are sequentially activated. This design, ®rst described as a transducer of the mating response in Sacceromyces cervisiae, was found later to be conserved in all species ranging from C. elegans and Drosophila to mammals (Duffy and Perrimon, 1996; Sternberg and Han, 1998; Su and Karin, 1996) . Signaling mediated by these MAP kinase modules is extensively used by all these organisms in order to relay a wide variety of extracellular signals (Herskowitz, 1995; Kyriakis and Avruch, 1996; Marshall, 1994; Treisman, 1996) . In particular, the ERK subtype MAPK acts downstream of Ras and Raf and regulates proliferation, cell fate speci®cation and survival in several contexts (e.g. for Drosophila see Freeman, 1997; Karim and Rubin, 1998; Zipursky and Rubin, 1994; Bergmann et al., 1998) . The Jun N-terminal kinase (JNK) type MAPK module has been ®rst implicated in stress response (Kyriakis and Avruch, 1996; Minden and Karin, 1997) and more recently also in cell shape changes (Noselli, 1998) and apoptosis (Coso et al., 1995; Kuan et al., 1999; Minden et al., 1995; Yang et al., 1997; Tournier et al., 2000) . In Drosophila, the JNK module (including the transcription factors D-Jun and D-Fos) is required for the process of dorsal closure in the embryo (Glise et al., 1995; Glise and Noselli, 1997; Hou et al., 1997; Kockel et al., 1997; Riesgo-Escovar and Hafen, 1997; Riesgo-Escovar et al., 1996; Sluss et al., 1996; Zeitlinger et al., 1997) and also for planar polarity establishment in the eye (Boutros et al., 1998; Paricio et al., 1999; Weber et al., 2000) . The known components of the JNK module in Drosophila are Hemipterous (Hep/JNKK), Basket (Bsk/JNK) and Jun/Fos (the AP-1 transcription factor complex) (for review see Noselli, 1998) .
Recently, a novel mammalian MAPKKK has been identi®ed to be activated by TGF-b signaling and named TAK (TGF-b activated kinase) (Yamaguchi et al., 1995) . Subsequent work has demonstrated its involvement in other signaling pathways. Notably, TAK has been shown to signal through the p38 (Moriguchi et al., 1996) and the JNK (also referred to as SAPK for stress activated protein kinase) type MAPKs (Shirakabe et al., 1997) , and also NFkB inducing kinase (NIK) . TAK-related kinases have also been implicated in antagonizing Wntmediated signaling by activating NLK (Nemo-like kinase) in mammalian cell culture Meneghini et al., 1999) . Moreover, the TAK C. elegans homologue, MOM-4, activates LIT-1, a NLK subfamily member, that antagonizes Wnt-mediated processes in the worm Shin et al., 1999) . Despite this wide range of activity the physiological role of TAK remains unclear. Moreover, the speci®c activities of kinases of the MAPKKK class are dif®cult to study, as almost every known MAPKKK is able to activate many MAPKs, including JNK (Fanger et al., 1997) .
Since a JNKKK is still missing in Drosophila and TAK has been shown to signal through JNK in mammalian cell culture, we addressed whether the Drosophila orthologue of TAK could act as a JNKKK during¯y development. To this end, we have identi®ed a Drosophila TAK orthologue, subsequently referred to as dTAK, and analyzed its requirement during embryogenesis and imaginal disc development. While this manuscript has been in preparation, Takatsu et al. (2000) have published a paper addressing the role of dTAK. Their results agree partly with ours, both suggesting that dTAK can act upstream of the JNK cascade, and that dTAK induces apoptosis when overexpressed at high levels. In contrast to Takatsu et al. (2000) , here we have addressed the dTAK loss-of-function (LOF) requirements in the embryo using the double-stranded RNA interference (RNAi) technique. Our data suggest that dTAK is not strictly required for dorsal closure during embryogenesis, although in overexpression studies it activates the relevant JNK/D-Jun target genes decapentaplegic (dpp) and puckered (puc) in the Drosophila embryo. In addition, our studies in imaginal discs provide evidence that dTAK is involved in planar polarity signaling, and genetic interactions suggest that it can act through the JNK, p38 and Nemo MAPKs in this context. In summary, our analysis suggests that dTAK can generally act as MAPKKK within the JNK and p38 signaling modules when analyzed in a gain-of-function (GOF) context. Our LOF analysis indicates, however, a differential requirement for dTAK in only some of the developmental processes mediated by JNK signaling.
Results

Identi®cation of a Drosophila TAK orthologue, dTAK
In order to isolate Drosophila homologues of mammalian TAKs/JNKKKs, we searched the available genomic and EST sequences of the¯y genome. Two overlapping EST clones with high sequence homology to human TAK1 were identi®ed using the BLAST search protocol. Sequence analysis of both EST clones revealed a 678 amino acid long open reading frame (ORF), which shows the highest similarity to vertebrate TAK proteins ( Fig. 1 ; hereafter we will refer to it as dTAK). Subsequent conceptual translation displayed a N-terminal kinase domain of about 280 amino acids, showing 54% identity and 69% similarity to mTAK1, and a long C-terminal domain (Fig. 1) . The C-terminal domain is less well conserved. However, a 60 amino acid stretch shows a signi®cant level of conservation as compared to the vertebrate and C. elegans orthologues (36% identity and 60% similarity to mTAK1; Fig. 1 ), constituting a conserved protein±protein interaction interface for putative modulators of TAK activity, such as TAB-2 Takaesu et al., 2000) .
dTAK overexpression upregulates JNK target genes during embryonic dorsal closure
Dorsal closure, taking place in mid-embryogenesis, describes the morphogenetic movements of the epidermis in order to replace the amnioserosa on the dorsal side of the embryo. This event is driven by the concerted spreading of epidermal cells towards the dorsal midline, where the two contralateral epidermal cell layers meet and remain connected (Noselli, 1998) . The JNK signaling module and nuclear targets of JNK, the AP-1 transcription factors dJun and dFos, control the process of dorsal closure. Uncompleted or failed dorsal closure is indicative of disrupted JNK signaling. Mutations in all known components of the JNK signaling pathway result in dorsal open embryos (Glise et al., 1995; Glise and Noselli, 1997; Hou et al., 1997; Kockel et al., 1997; Riesgo-Escovar and Hafen, 1997; Riesgo-Escovar et al., 1996; Sluss et al., 1996; .
During dorsal closure, the expression of the dpp and puc genes in cells of the leading edge is controlled by the JNK kinase module and the AP-1 transcription factors Jun and Fos (Glise and Noselli, 1997; Hou et al., 1997; RiesgoEscovar and Hafen, 1997; Zeitlinger et al., 1997) . Leading edge cells show loss of puc and dpp expression when de®-cient for JNK signaling (Glise and Noselli, 1997; Hou et al., 1997; Riesgo-Escovar and Hafen, 1997; Zeitlinger et al., 1997) . Conversely, constitutive activation of JNK signaling in the embryonic epidermis by expressing Rac V12 or Dcdc42 V12 (via the UAS/GAL4 system; Brand and Perrimon, 1993) induces the upregulation of dpp and puc (Glise and Noselli, 1997) .
To address the question of whether dTAK can activate and act through the JNK MAPK module, we ®rst expressed dTAK under the control of the en-GAL4 and pnr-GAL4 drivers and monitored the induction of dpp and puc in the epidermis of stage 12±15 embryos (pnr is strongly expressed in cells of and neighboring the leading edge). In wild-type, dpp is expressed in two lateral stripes along the Drosophila embryo, and the dorsal most stripe corresponds to the leading edge of the epidermis (Fig. 2A±F) . Overexpression of dTAK with either GAL4 driver caused ectopic upregulation of dpp, as monitored by RNA in situ hybridization ( Fig. 2G±L and M±O for enGal4 and pnrGal4, respectively). Similarly, the analysis of embryos carrying one copy of the puc E69 lacZ enhancer trap by b-galactosidase activity staining (Martin-Blanco et al., 1998) showed a clear and robust ectopic puc expression when dTAK was overexpressed (Fig. 3 , and data not shown). We note that these patterns of dpp and puc activation by dTAK are identical to those observed with activated Jun, suggesting that the effect is direct and mediated by the JNK signaling pathway.
In summary, these data indicate that overexpression of dTAK in the embryonic ectoderm is suf®cient to induce high-level expression of both known JNK target genes. As the same upregulation of puc and dpp is observed with JNKK/Hep Act and Jun (a JNK activated transcription factor), they strongly suggest that dTAK acts through the JNK/ Jun(AP-1) module in the context of dorsal closure.
Requirement of dTAK during embryogenesis
The dTAK gene maps to region 19E on the X chromo- Fig. 1 . Sequence analysis of the Drosophila TAK homologue. The deduced amino acid sequence of the Drosophila protein (dTAK) and its alignment with mouse, human and Xenopus TAK proteins (mTAK-1, hTAK-1b and xTAK, respectively) and the related C. elegans MOM-1 are shown. Identical amino acids in all ®ve proteins are highlighted with dark shading, while those conserved in four are shown in lighter gray. Note that the most conserved part is the N-terminal catalytic domain. The C-terminal domain that binds potential regulators (e.g. TAB proteins) also shares some conserved areas between all proteins of this family.
some. To identify LOF mutants for dTAK, we have searched this region for potential mutant alleles (Perrimon et al., 1989) , and analyzed their molecular lesions (data not shown). However, this analysis revealed that none of the potential candidate mutations are allelic to dTAK. In the absence of a potential LOF allele, we have generated¯y stocks carrying a dominant negative (DN) version of dTAK (UAS-dTAK K46R or UAS-dTAK
D159A
) to mimic the LOF situation. Embryonic expression of such kinase dead dTAK proteins by using the 69B-Gal4, pnr-Gal4 or armGal4 driver lines did not signi®cantly affect the development of the embryos. Although we have detected various cuticle defects, the penetrance of these phenotypes, including segmentation, head involution and dorsal closure defects, were below 3% and thus were considered insignificant.
The expression of DN proteins might induce unspeci®c pleiotropic effects by interfering with other kinases or signaling pathways, and/or only reduce the function of a given protein partially. Moreover, although our kinase dead DN-dTAK constructs worked in other tissues (see below), our results with a DN-dTAK are in contrast to the observation by Takatsu et al. (2000) that reports 7% of embryos with dorsal closure phenotypes and an additional 25% displaying head involution defects. Our experiments did not reveal any signi®cant embryonic phenotypes (data not shown). Thus, we have employed the double-stranded RNAi technique to analyze a dTAK LOF phenotype in the embryo. RNAi has been shown to effectively block the function of the gene of interest. In addition, it is strictly gene-speci®c for the RNA injected (Kennerdell and Carthew 1998; Montgomery et al., 1998) .
Injection of double-stranded dTAK RNA into wild-type embryos resulted in a variety of embryonic defects. About 17.5% of the embryos exhibited an anterior open phenotype (examples are shown in Fig. 4 ; see Section 4 for details). However, dorsal closure defects were seen rarely in only about 3% of embryos, raising the question of whether dTAK is required for dorsal closure as expected from the overexpression studies (see above). Nevertheless, the anterior open phenotype appears to be signi®cant as control injections of other double-stranded RNAs (dsRNAs) (e.g. white gene RNA), where the background of such phenotypes was around 1% only.
An explanation for the very low penetrance of the dorsal closure phenotype might be a general insensitivity to inter-fere with the process by means of RNAi. In order to address this issue, we performed a control experiment injecting Djun (a well established factor required for dorsal closure) dsRNA into preblastoderm embryos. For D-jun injections, over 90% of the embryos display strong dorsal open cuticles, mimicking the D-jun LOF null phenotype. These results indicate that dorsal closure can be disrupted by RNAi-based methodology. As dTAK transcripts are abundant in preblastoderm embryos, determined by RNA in situ hybridization, a possible caveat to the RNAi dTAK experiment could be maternally-derived protein that cannot be overcome by means of RNAi. However, this maternal product should still be inhibited by the overexpression of DN-dTAK (see above), which we did not see.
Taken together, our DN-dTAK overexpression and RNAi experiments suggest that dTAK is not strictly required for dorsal closure (as suggested by Takatsu et al., 2000) and rather might serve an auxiliary role in the process. However, as this is in contrast to the results of dTAK overexpression (when JNK target gene expression is upregulated very ef®-ciently), it might be possible that dTAK is (at least in part) redundant with another JNKKK during embryogenesis, and thus even a complete removal of it would be compensated by other kinases.
DN-dTAK affects thorax closure
Recent work has demonstrated the importance of JNK signaling in thorax closure. The notum of the adult animal is formed by tissue of the two collateral wing imaginal discs, which undergo extensive morphogenetic rearrangements during metamorphosis. LOF in hep/JNKK and kayak/DFos results in aberrant wing disc morphogenesis and failure of wing disc fusion, giving rise to a thoracic cleft along the dorsal midline in the adult (Agnes et al., 1999; Zeitlinger and Bohmann, 1999) . To test whether dTAK can also act in Note that in wild-type puc is only expressed in cells of the leading edge, and that enGAL4, UAS-dTAK can induce puc expression also in lateral segmental stripes. A similar upregulation is seen with pnrGAL4, UAS-dTAK by the broadening of the stripe at the leading edge (data not shown).
this context, we expressed DN (kinase dead) forms of dTAK (UAS-dTAK K46R or UAS-dTAK
D159A
) with ap-GAL4 and pnr-GAL4 in the thoracic parts of the wing discs. Examination of such¯ies showed incomplete closure of the thorax, giving rise to a mild thoracic cleft at the dorsal midline of the notum (Fig. 5B , highlighted by a white arrow, and also by the lack of bristles in this area). Although this phenotype is relatively weak, it has a very high penetrance of 91% and is highly reminiscent of that observed in hypomorphic allelic combinations of either hep/JNKK or kay/d-fos (Agnes et al., 1999; Zeitlinger and Bohmann, 1999 ) (see also Fig. 5C ). This is also in agreement with the phenotypic result of expressing Puckered, a negative regulator of JNK signaling at the time when wing disc fusion occurs. Puc overexpression driven by pnrGAL4 leads to the same phenotypic thorax cleft defects (Fig. 5D ). These observations suggest that dTAK is required during morphogenetic changes and the fusion of the epithelial wing disc cell layers, acting in the context of JNK signaling.
dTAK overexpression in the eye interferes with planar polarity establishment in a JNK-dependent manner
The Drosophila JNK cascade has also been implicated in the establishment of correct ommatidial polarity in the compound eye where it acts downstream of Fz/Dsh (Boutros et al., 1998; Paricio et al., 1999; Weber et al., 2000) . In the Drosophila eye, planar polarization is re¯ected in the mirror-symmetric arrangement of the ommatidial units relative to the dorso-ventral midline, the so-called equator. This pattern is generated early in the third instar imaginal disc, when immature ommatidia rotate 908 towards the equator. Subsequently, they adopt opposite chiral forms depending upon whether they lie dorsally or ventrally off the equator (Tomlinson, 1988) . Mutations in planar polarity genes like frizzled ( fz) or dishevelled (dsh) result in the loss of mirrorimage symmetry, with the ommatidia being misrotated and having acquired random chirality (Gubb, 1993; Theisen et al., 1994; Zheng et al., 1995) . Similarly, overactivation of any known component of the Fz/planar polarity pathway (including the JNK components) in both cells of the R3/ R4 pairs leads to randomization of rotation and chirality causing a similar phenotype as the LOF mutants (Boutros et al., 1998; Paricio et al., 1999; Strutt et al., 1997; Tomlinson and Struhl, 1999; Weber et al., 2000; Zhang and Carthew, 1998) .
Our data presented so far suggest that dTAK can act through or activate JNK in the embryo and during thorax closure. We next examined whether directed overexpression of dTAK in the eye imaginal disc of third instar larvae (at the time of planar polarity Fz/JNK signaling) can interfere with the correct establishment of planar polarity. To this end UAS-dTAK was expressed in photoreceptor precursors R3/ R4 in the eye imaginal disc (under the sev-enhancer GAL4 driver). This type of overexpression creates speci®c eye planar polarity phenotypes with Fz, Dsh and other components of planar polarity signaling (Boutros et al., 1998; Paricio et al., 1999; Strutt et al., 1997; Tomlinson and Struhl, 1999; Weber et al., 2000; Zhang and Carthew, 1998) . Weak dTAK expression (by rearing the¯ies at 188C) causes a speci®c phenotype reminiscent of that caused by the components of planar polarity signaling, with polarity defects affecting both rotation and chirality, and also some loss of photoreceptors (Fig. 6 ). This phenotype is already evident with the appropriate markers (e.g. svp-lacZ) at the time of planar polarity establishment in the third instar eye disc (data not shown), indicating that it is a primary defect in polarity establishment, and not due to late differentiation defects, as has been suggested previously (Takatsu et al., 2000) (see Section 3, Discussion).
The GOF sev . dTAK phenotype provides a tool to test for genetic interactions with mutations in components of the Fz/planar polarity pathway and other signaling cascades. In such genetic interaction assays, we have found that reducing the dosage of the JNK signaling components (hep, bsk and D-jun) causes a strong suppression of the sev . dTAK phenotype (Fig. 6) . These results are consistent with dTAK acting upstream of the JNK module in polarity signaling, and support the notion that dTAK can act generally upstream of JNK signaling.
Several other signaling pathways and kinases were tested for genetic interaction with sev . dTAK (summarized and quanti®ed in Table 1 ). Whereas we did not ®nd any interaction with components of the Dpp signaling pathway, we detected dominant suppression, comparable to that of the JNK components, with de®ciencies removing the p38 kinases (p38a and p38b) and mutant alleles of nemo. These interactions suggest that the sev . dTAK eye phenotype depends in part on the activities of these other MAPKs as well and is consistent with the previously reported tissue culture experiments. Our observation that the sev . dTAK phenotype is less sensitive to the dosage of msn/STE20 (see Table 1 ) might indicate that msn is acting upstream of dTAK (see Section 3, Discussion).
dTAK induces cell death in imaginal discs
Unlike the phenotype at 188C, dTAK overexpression at 258C in imaginal discs is lethal with many GAL4 drivers and leads to a very severe eye phenotype with sev-GAL4. The adult eye is strongly reduced in size and the structure of the ommatidial clusters is completely disrupted with photoreceptor cells often lost or not differentiated (Fig. 7 , and data not shown). This phenocopies the eye ablation phenotypes by ectopic expression of inducers of cell death in the eye imaginal disc (Chen et al., 1996; Grether et al., 1995; Hay et al., 1995) .
Therefore, one possibility to explain this small eye phenotype is an increased amount of cell death within the developing Drosophila retina. This would also be consistent with the JNK-mediated induction of apoptosis in imaginal disc tissue (Adachi-Yamada et al., 1999) . We have tested this hypothesis by monitoring cell death in third instar larval eye discs using Acridine Orange staining to mark dying cells (Bonini, 2000) . As shown in Fig. 7 , dTAK overexpression dramatically increased cell death in the eye imaginal disc. Whereas wild-type eye disc tissue exhibits a very low background of Acridine Orange positive, apoptotic cells both in front and behind the morphogenetic furrow (MF; Fig. 7A ), sev-GAL4/UAS-dTAK discs exhibited massive cell death behind the MF, corresponding to the expression domain of the GAL4 driver.
We then examined whether the dTAK-induced cell death is mediated by the normal apoptotic pathway and thus can be inhibited with the caspase inhibitor p35. Co-expression of the viral caspase inhibitor p35 with dTAK resulted in a signi®cant rescue of the phenotype caused by dTAK overexpression alone (Fig. 7H) . These data suggest that dTAKinduced cell death is largely caused by caspase-dependent apoptotic cell death (see Section 3, Discussion).
Discussion
In this study, we have investigated multiple aspects of dTAK function during the development of Drosophila. Our results indicate that during Drosophila development dTAK can act as a component of the JNK signal transduction module. In addition, genetic interactions during eye development suggest that dTAK can also activate other kinases, for example p38 type MAPKs and the Nemo kinase, in this context. Although TAK was initially identi®ed as a TGF-b activated kinase in mammalian cell culture systems (Yamaguchi et al., 1995) , we have found no evidence by either phenotypic or genetic interaction analysis for dTAK acting in a dpp/TGF-b-dependent manner during Drosophila development.
dTAK activates JNK signaling
Initially, the TAK subfamily of MAPKKK kinases has been identi®ed as being activated by TGF-b signaling (Yamaguchi et al., 1995) . Subsequently, tissue culture experiments have shown that these kinases are able to activate both JNK and p38 MAPK pathways. In order to gain insight into the in vivo function of TAK family kinases in a genetically amenable organism, we have cloned the Drosophila homologue, dTAK. Our analysis indicates that dTAK can act in the context of the JNK cascade. This conclusion is based on several lines of evidence. First, overexpression of dTAK in embryos activates the expression of the JNK target genes dpp and puc. Second, expression of DN dTAK with pnrGAL4 or apGAL4 leads to thorax closure defects, also a reported JNK LOF phenotype (Agnes et al., 1999; Zeitlinger and Bohmann, 1999) . Third, overexpression of dTAK in third instar eye imaginal discs interferes with the correct establishment of ommatidial polarity, reminiscent of Hep, Bsk and Jun (Paricio et al., 1999; Weber et al., 2000) . Fourth, the GOF dTAK planar polarity phenotype is suppressed by hep, bsk and jun LOF alleles. Taken together, these observations argue for dTAK acting through the JNK cascade in Drosophila. However, the analyses of the dTAK LOF phenotypes generated by RNAi and DN isoforms during embryogenesis are in con¯ict with this conclusion and argue for a requirement that is in part redundant. The RNAi analysis has revealed predominantly anterior open embryos, and only very rarely the typical dorsal closure defects, normally seen in mutants of JNK signaling components. In addition, expression of a DN-dTAK in the embryo did in our hands not produce any dorsal closure phenotypes. Thus, although anterior open phenotypes can also be observed in mutants defective for JNK signal transduction (usually associated with hypomorphic alleles), the lack of clear dorsal closure defects suggests that dTAK could be either partially redundant or plays a neglectable role in this JNK-mediated process. This conclusion is in contrast to the recent paper by Takatsu et al. (2000) , suggesting that dTAK is required for dorsal closure. Interestingly, also in their publication only a very low penetrance of dorsal closure defects is reported. Taken together with the GOF produced by overexpression of dTAK, resulting in the robust activation of JNK target genes, these observations support the idea that dTAK might act partially redundantly in this process during embryogenesis. Alternatively, the data can be viewed as dTAK being able to generally act through the JNK signaling module wherever it is activated, leaving the question of the actual physiological role open. It is quite possible that dTAK mediates JNK signaling only in a subset of the wide range of biological processes assigned so far to JNK signal transduction in Drosophila.
Another interesting difference between this study and Takatsu et al. (2000) is the effect of dTAK overexpression in the eye. The studies reported by Takatsu et al. have made use of the GMR-Gal4 line and concluded that dTAK overexpression behind the MF can affect photoreceptor differentiation and cause cell death, but has otherwise no major effect on eye development (although mild defects in pigment and bristle cell differentiation can be revealed). In contrast, we have found that dTAK overexpression with the sev-Gal4 driver severely interferes with the correct establishment of ommatidial polarity. Because several independent transgenic lines have been tested during both sets of experiments it appears unlikely that position effects could account for the apparent difference. However, the difference between these results can be explained by the different GAL4 drivers used. Whereas sevGAL4 is expressed at high levels early (and transiently) in the R3/R4 precursors, GMR-GAL4 (used by Takatsu et al.) only affects later processes and can cause cell death. It is worth noting that the GMR-GAL4 driver does not cause planar polarity defects even with known planar polarity genes like fz and RhoA (Hariharan et al., 1995; Strutt et al., 1997) . The GMR-GAL4-driven expression starts in all cells behind the MF but early on levels are too low to cause defects. For example, GMR-driven expression of RhoA does not cause any appreciable defects in the third instar eye imaginal disc (when photoreceptors are recruited and polarity is established), although the corresponding adult eye is strongly reduced and malformed (Hariharan et al., 1995) .
The sev . dTAK eye phenotype is highly reminiscent of those caused by sev-Fz and sev-driven activated JNK pathway components. Moreover, as it can be suppressed by JNK LOF alleles, it supports a link between dTAK and JNK and their role in regulating planar polarity in the eye downstream of Fz.
Genetic interactions with other signaling pathways
The GOF eye phenotype induced by dTAK overexpression provides a genetic tool to analyze interactions with other genes in order to establish whether dTAK acts in the context of signaling pathways other than JNK. Since earlier reports have suggested that in mammalian cells TAK kinases are involved in TGF-b signaling, we have examined this interesting possibility. However, our experiments have not provided evidence for a dTAK requirement in dpp signal transmission. In the Drosophila embryo, the expression of the activated Dpp receptor Thick veins does not, unlike dTAK, induce the transcription of puc (data not shown). In addition, we have not seen any phenotype with dTAK related to dpp function in the imaginal discs or the adult eye (activated Dpp signaling shows, for example, a different eye phenotype; Wiersdorff et al., 1996) . However, in the absence of true dTAK LOF alleles, we can not strictly exclude a dTAK involvement in dpp signaling.
Nevertheless, our genetic studies indicate that dTAK can also act through kinases other than JNK. Consistent with previous cell culture studies (Moriguchi et al., 1996) , we ®nd that the p38 type MAP kinases also suppress the dTAK GOF phenotype. This observation is also in line with the proposal that the Drosophila bsk/JNK and p38a and p38b kinases act as redundant elements in planar polarity signaling (Paricio et al., 1999; Weber et al., 2000) . The TAK MAPKKK family has also been implicated in activating a Nemo-like kinase (Nlk)/LIT-1 in cell culture and in C. elegans embryos Meneghini et al., 1999; Shin et al., 1999) . Interestingly, nemo (the founding member of the Nlk subfamily) has been ®rst described as a Drosophila planar polarity gene, affecting ommatidial rotation (Choi and Benzer, 1994) . We ®nd that mutations in nemo strongly suppress the dTAK-induced eye polarity phenotype, raising the possibility that a TAK-Nemo/LIT-1 signaling cassette is evolutionarily conserved in worms, ies and vertebrates. Moreover, the existence of a dTAKNemo signal relay would suggest an interesting new link between the JNK signaling pathway and the Nemo kinases. The upstream activators and downstream targets of the latter and their role in planar polarity generation are unknown. In such a scenario dTAK could be acting upstream at a branching point of the JNK and NLK signaling routes. Strikingly, the TAK function mediated by Nemo-like kinases in vertebrate cell culture studies and C. elegans appears to antagonize canonical Wnt signaling at the level of Arm/TCF Meneghini et al., 1999; Shin et al., 1999) . As the canonical Wnt pathway and Fz/ planar polarity signaling split at the level of Dsh (Axelrod et al., 1998; Boutros et al., 1998) , it is interesting to note that they might again intersect further downstream to reinforce the difference in signaling by antagonizing the other signaling branch. Further insight into the TAK-Nemo link will help to clarify the pathway speci®city.
dTAK-induced apoptosis
Several studies have demonstrated an involvement of the JNK pathway in stress-induced apoptosis in vertebrate cells (e.g. Coso et al., 1995; Kuan et al., 1999; Minden et al., 1995; Yang et al., 1997; Nishina et al., 1999; Tournier et al., 2000) . The Drosophila JNK pathway has also been implicated in regulating apoptosis upon deregulation of dpp and wg signaling in the developing wing disc (Adachi-Yamada et al., 1999) . Tissue culture and Xenopus embryo injection experiments have shown that two members of the TAK family of MAPKKKs are inducing apoptosis when overexpressed (Shibuya et al., 1998; Shirakabe et al., 1997; Yamaguchi et al., 1999) . Consistent with this, we have found that dTAK overexpression in imaginal discs also induces apoptosis. Is the dTAK-induced apoptosis mediated through the JNK pathway? There are at least two observations supporting this possibility. First, overexpression of a constitutively activated form of Hep (Hep Act ) or Jun (Jun Asp ) can lead to a qualitatively very similar phenotype as dTAK overexpression with reduced eye size (Paricio et al., 1999; Weber et al., 2000) (data not shown). Second, the apoptosis phenotype generated by dTAK overexpression is strongly suppressed by hep, bsk and jun LOF alleles. Thus, a TAK-JNK signaling module might control apoptosis not only in vertebrates, but also in¯ies. It remains unclear whether the overexpression of dTAK and high JNK activation directly activates the apoptotic pathway or whether cell death is a secondary consequence of it.
In summary, our work demonstrates that the Drosophila TAK orthologue dTAK can act as a JNKKK in the context of all described JNK-mediated morphogenetic processes during¯y development, as well as during JNK-induced apoptotic cell death. However, the lack of a statistically signi®cant dorsal closure phenotype in the embryo suggests that it is not the only JNKKK involved in this context.
Materials and methods
Molecular biology
To identify a Drosophila homologue of TAK, the amino acid sequences of the N-terminal kinase domain of mTAK have been used to search genomic and EST sequences of thē y genome. In this BLAST search we have found three EST clones, GM05307, GM05309, and GM09711 (BDGP), that showed signi®cant homology to our query sequence. These clones were fully sequenced, and their analysis showed that GM09711 and GM05309 contain 2.8 and 2.7 kb inserts, respectively (GM05307 appeared to be an empty plasmid), and both inserts contain the same 678 amino acid long ORF, showing the highest similarity to vertebrate TAK proteins.
To overexpress the wild-type and DN form of the dTAK protein, we have employed the UAS/GAL4 system (Brand and Perrimon, 1993) . For wild-type, the 2.8 kb EcoRI-XhoI insert fragment of EST GM09711 was cloned into the respective sites of the pUAST vector. To generate DN, kinase dead isoforms of dTAK, we have introduced single amino acid substitutions, K46R or D159A, in the wild-type ORF (from GM09711) by using the Stratagene QuickChange in vitro mutagenesis kit. The mutated ORFs were veri®ed by sequencing and inserted into the pUAST vector. Transgenic¯ies carrying such UAS-dTAK constructs were generated according to standard procedures.
RNAi experiments
The templates used for RNA synthesis were linearized plasmids containing dTAK, D-jun or mini-white sequences. RNA was synthesized using either T7 or T3 RNA polymerase. The in vitro transcription reactions were performed by using the AMBION MEGAscripte Kit. Linearized plasmid DNA (1±2 mg) was used for each reaction. All samples were incubated at 378C for 4±15 h and treated with RNAse-free DNAseI (2 units/ml). The reactions were stopped by adding NH 4 -acetate and DEPC-treated water. Samples were phenol/chloroform extracted and analyzed by native agarose gel electrophoresis in TBE (1.5%). Annealing of the singlestranded RNAs was done by mixing approximately equimolar amounts of sense and antisense RNA and adding 10 £ annealing buffer to a ®nal concentration of 1 mM Tris (pH 7.5), 1 mM EDTA. The samples were then boiled for 1 min in water and then allowed to cool down on ice or at room temperature (4±18 h). The double-stranded formation was checked by native agarose gel electrophoresis in TBE (1.5%). Only samples in which most of the RNA was double-stranded were used further. The dsRNA samples were ethanol precipitated and stored at 2808C until immediately before use. RNA precipitates were dissolved in injection buffer (5 mM KCl, 0.1 mM Na2HPO 4 £ 2H 2 O, pH 6.8) to a ®nal concentration of 10 mM.
Embryos were collected over a 30±50 min period at 258C, dechorionated (in 1.7% NaOH) and attached to a cover-slip with double stick tape. Embryos were desiccated and covered with Voltalef w H 10S oil. Most embryos were injected at the syncytial blastoderm stage. The location of the injection was on the lateral side (15±80% egg length). The dsRNA solution was injected by a pneumatic picopump (Eppendorf Microinjector 5242).
Note that 17.5% (23 out of 131) of the embryos injected with dTAK displayed an anterior open phenotype; similar phenotypes have been seen in less than 1% of uninjected embryos, and in 2% of embryos injected with white dsRNA.
Injection with dJun dsRNA yielded over 90% (117 out of 128) of the embryos with strong dorsal closure phenotypes.
Cuticle analysis and histology
For cuticle analysis, embryos were incubated at 208C under oil for over 30±40 h. They were then released from the double stick tape with a needle and rinsed into a suitable small cage. The oil was removed with a wipe. Embryos were then washed three times in PBS, 0.5% Tween 20 and moved to a 1:1 heptane/methanol mix. After vigorous shaking they were washed in methanol and mounted in a 1:1 mix of Hoyers medium and lactic acid. The samples were followed by an overnight incubation at 658C.
Sectioning of adult eyes was performed as previously described (Tomlinson and Ready, 1987) . Anti-Elav and anti-b-gal stainings of eye discs were done in PBS, 0.2% saponin, 0.3% deoxycholate, 0.3% Triton X-100, and 10% normal donkey serum. Elav was detected with a rat monoclonal antibody (a gift from G. Rubin), and b-gal with a rabbit polyclonal antibody (Cappel). Fluorescently labeled secondary antibodies were obtained from Jackson Laboratories. Embryonic lac-Z detection, Acridine Orange stainings and scanning electron microscopy analysis of adult eyes were performed by standard procedures.
Fly strains and genetic interactions
To generate the sev . dTAK GOF allele we have recombined sev-GAL4 onto a UAS-dTAK chromosome. The following mutant strains were used for the genetic interaction assays: dpp D12 , Df(2L)¯p170B, Df(3R)crb87-4, Df(2L)b87e25, Df(1)H6, and Df(3L)H99. We also used the UAS-p35 line (Bloomington Drosophila Stock Center) and UAS-bsk DN (Weber et al., 2000) . Genetic interactions were tested at 188C. To examine dpp and puc upregulation in the embryos, UAS-dTAK males have been crossed to en-GAL4; puc E69 /TM3 or to pnr-GAL4; puc E69 / TM3 virgins.
